The longitudinal emittance of the bunches in the CERN PS must be increased before transition crossing to avoid beam loss due to a fast vertical instability. This controlled blow-up is essential for all high-intensity beams in the PS, including those for transfer to the LHC. The higher harmonic 200 MHz RF system (six cavities) used for this blow-up has to generate a total RF voltage which, for the most demanding blow-up, is comparable to the voltage of the main RF cavities. The system is presently subject to a major upgrade and a possible reduction in the number of higher harmonic RF cavities installed is under consideration. To determine the minimum required, detailed simulations and machine development studies to optimize the longitudinal blow-up have been performed. Further options to produce the required longitudinal emittance using other RF systems are also analyzed. The results obtained for the different scenarios for the longitudinal blow-up are presented and compared in this paper.
INTRODUCTION
Thorough control of the longitudinal emittance, ε l to a high precision is required in the CERN PS to deliver stable beams with well-defined, constant parameters to the experiments and the subsequent accelerators. Of special importance are the various beams delivered to the LHC, which demand bunches of intensities from 5·10 9 to 1.15·10 11 ppb with a longitudinal emittance, ε l between 0.2 (probe) and 0.35 eVs (nominal). The bunches from the PS Booster are split in three parts at flat-bottom and in four at the flat-top, ideally dividing the longitudinal emittance by 12. However, to keep the bunches stable in the PS and digestible for SPS, ε l must be increased with controlled longitudinal blow-ups (BU, see Fig. 1 ) [1] .
RF SYSTEM FOR BLOW-UP
The longitudinal BU is performed by a higher harmonic (HH) 200 MHz RF system, while the principal RF system is operated from 2.8 to 10 MHz. The RF system for BU presently consists of six cavities, each connected to a 25 kW power amplifier. As no high quality factor is required, the cavities are operated in air while only the acceleration gap is kept in vacuum. To allow for a sufficiently large bandwidth for modulation, the quality factor is reduced to Q 2500 by a strongly coupled external load. A simplified diagram of the PS 200 MHz RF system during the low-energy BU (E kin = 1.4 GeV) is sketched in Fig. 2 . In this case, the beam is steered so that the 458th ber of cavities needed for the different BUs varies from one to five, depending on the total voltage required for a certain beam type. However, the BU at low energy is the most demanding in terms of RF voltage.
The maximum RF voltage per 200 MHz cavity (limited by the amplifier) depends on the phase modulation frequency, f mod and modulation depth, Δφ mod . For f mod = 10 kHz and Δφ mod = π, the limitation was about 5 kV in 2006. Recent improvements of the low-level signal generation show that more than 1.5 times that voltage per cavity can be reached now.
During the BU, the longitudinal emittance grows by ε f /ε i 1.5 during 20 or 40 ms (ε i , ε f : initial, final longitudinal emittance).
BLOW-UP REGIMES
In a double harmonic RF system, the total voltage acting on the beam can be written as
with a sinusoidal phase modulation function
The analysis of the experimental data shows that two types of longitudinal BU can be distinguished, depending on the choice of the parameters for the BU. For a ratio between the harmonic number of the RF system used for BU h b and that of the main RF system h 0 below 15 and f mod of few times the synchrotron frequency f s , the BU is due to resonant excitation of the bunch [2, 3] . For larger modulation frequency, which becomes more efficient for larger harmonic number ratio h b /h 0 , the effect of the HH RF system approaches a BU with noise [4] . Injecting band limited noise into the phase loop of the principal RF system was also tried. However, available time in the PS (20 -40 ms) is too short, considering 1/f s = 1.2 ms, for a smooth reproducible BU.
Resonant Regime
In this case, the BU rate depends on the relative phase ψ 0 between HH and principal RF system [2] and k = f mod /f s . In this so-called resonant BU regime, for noninteger h b /h 0 the BU rate may then vary from bunch to bunch, according to the position in the machine. The maximum BU rate is reached for k < 5 [3] . For high h b /h 0 and k, multiple resonances are excited simultaneously, resulting in a smooth BU of all bunches, as observed in the PS. Originally, the BU was performed at k = 3, which is less efficient for large h b /h 0 .
Noise Regime
For large k > 10, as presently used [5] , noise theory becomes applicable [4] and the efficiency of the BU is independent on the relative phase between principal and BU RF system. Indeed, no dependence of the BU rate on the bunch position within the batch could be measured in the PS on beams prepared for the anti-proton decelerator (AD, h b /h 0 = 458/8) and LHC (h b /h 0 = 458/21). The harmonic number ratio is non-integer in both cases and k 14. Moreover, a smooth bunch length and emittance growth along the BU is observed.
SIMULATION AND MEASUREMENTS
A numerical simulation with the longitudinal tracking program ESME [6] has been set-up for quantitative comparison with the measurements, starting from a mismatched bunch at injection in the PS. An ensemble of macro-particles having the same longitudinal distribution as the measured tomographic reconstruction (Fig. 3) of the longitudinal phase space has been generated as initial condition for the tracking. Due to the mismatch in length and energy spread of the injected bunch, a strong quadrupole oscillation is excited. It decays during the first 10 ms after injection due to the non-linearity of the synchrotron motion. For comparison of the simulated BU with the measured data, the RMS bunch length is taken as a distribution independent observable.
MHz
An example for the measured RMS bunch length during the BU at injection energy of 1.4 GeV (kinetic) is shown in Fig. 4 . The measurements have been performed with an AD type beam (four bunches injected into consecutive buckets at h = 8). The intentional mismatch at injection is clearly visible in the form of quadrupole oscillations at 2f s (f s 0.8 kHz). During the BU, the bunch length increases smoothly to τ RMS = 45 ns. The BU ends after 20 ms and the bunches get shorter again as acceleration starts. The parameters of the 200 MHz system were f mod = 10 kHz, Δφ mod = π and V b = 28 kV (set-value). 
Similar tests have been done with the 80 MHz RF system normally used for bunch shortening of LHC-type beams. Despite the high quality factor, Q 0 = 22600, their effective Q is lowered by a fast feedback to about Q eff 100 so that they can be operate with a phase-modulated RF signal at reduced voltage. The measured and simulated growth of τ RMS is shown in Fig. 6 . The parameters have been chosen such that the same BU as with the 200 MHz system is achieved. The ESME simulation reproduces the measured bunch length increase without any arbitrary scaling factor for V b . It is worth noting that the voltage of the 80 MHz cavities is well calibrated. 
CONCLUSION
Controlled longitudinal emittance BU is required in the CERN PS to reliably handle high intensity beams close to their instability limitations. For the present parameters the effect of the phase modulated HH RF system can be approximated as noise. A simulation using a measured longitudinal distribution as initial condition has been performed with ESME. The comparison with beam measurements for BU with 80 and 200 MHz RF system suggests that the voltage in the 200 MHz cavities is 35 % higher than previously assumed. BU using the 80 MHz RF system has been demonstrated. However, the required detuning of the cavity is incompatible with keeping it as spare for bunch rotation.
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